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ABSTRACT 


Most of the fly ash produced by Thermal Power Plants is disposed off in slurry 
form into ash ponds / lagoons / ash dykes. Fly ash released into the ponds undergoes 
sedimentation process, excess water is drained out, resulting in a very soft deposit. The 
fly ash particles come in contact and are ready to transfer stresses to each other. The soft 
deposit then undergoes consolidation, under its own weight, accompanied with large 
strains. The engineering properties of this sedimented and consolidated fly ash deposit 
could be very different from those based on compacted samples about which 
considerable literature exists. This thesis work presents experimental studies conducted 
to simulate the sedimentation and consolidation process of fluidized fly ash in ash 
ponds. A series of compressibility, consolidation and collapsible tests are conducted on 
the fly ash samples collected from the sedimented and consolidated deposits. Results 
show a pseudo-overconsolidation effect, compressibility increasing with stress and the 
collapse potential to be of the order of 0.5% for sedimented and consolidated fly ash 
samples. A new theory is proposed to estimate the variations of void ratio, unit weight 
and effective stress with depth in a natural sedimented and consolidated bed. A 
parametric study quantifies the effects due to variations in initial dcpo.sitional void ratio, 
Ci, initial stress, a’o, rate of deposition, V, comprcs.sion index, Q, secondary 
comprcs.sion index, Ca, specific gravity, Gs and time for sedimentation and 
consolidation, To. 


4 

I 



ACKNOWLEDGEMENT 


This work is a joint collaboration between Indian Institute of Technology, 
Kanpur and Central Building Research Institute (CBRl), Roorkce. This has been 
financed by CBRI, Roorkec and is done under joint supervision of Prof. M.R. Madhav, 

1.1. T, Kanpur and Sri. A. Ghosh, CBRI, Roorkcc. 

I take this opportunity to express my sincere gratitude to my supervisor Prof. 
M.R. Madhav, Department of Civil Engineering, Indian Institute of Technology, 
Kanpur, for his invaluable suggestions and guidance throughout my period of study at 

1.1. T/K. Prof M. R. Madhav not only advised me in academic affairs but also in my 
personal life. The discipline and motivation towards the subject that he has inspired me 
to learn and implement myself in many facets of my work. I could learn to some extent 
(and still trying to leant) how to think logically, interpret and approach a solution to a 
problem. I am amazed with his perfection in the work he involves himself These are 
but a few points that I like in him most. 

I also express my sincere thanks to Sri. A. Ghosh, Senior Scientist, Central 
Building Research Institute, Roorkcc, for sparing considerable time for discussions of 
this work during my visit to Roorkce. 

I also thank Prof P.K. Basudhar, Prof Umesh Dayal, Prof Sarvesh Chandra, 
Prof P.M. Dixit and Prof N.S.V.K. Rao for intuHlucing Me to advanced level courses. 

I am very much thankful to my parents for their continuous support and 
encouragement throughout my studios. Without their help it would not have been 
possible for me to travel all this wtty here. 

I am thankful to all the members of geotechnical engineering laboratory, 
especially Mr. Kishan for his continuous help throughout my experimental study. 


My sincere thanks are due to my friends Uma, Saradhi, Dhanunjay, Gupta, 



Keshava, Sreedhar, Satish, Mr. Sastiy and Mr. Sarat Das for their cooperation during 
the course of this study. 

I am also thankful to my classmates Neha Jain, hnran, Habib, Ajay, Avinash and 
others for their help and friendly nature during my stay at IIT, Kanpur. 

I appreciate my friends Ravindcr, Bhavani Sankar, Behra, Desai, Raghu, 
Kaustubh, Sandeep, and all others for their direct or indirect help during the course of 
study and stay at IIT, Kanpur. 

M. Raja Sekhar 


iii 



CONTENTS 


Abstract i 

Acknowledgement ii 

Table of Contents iv 

List of Figures vi 

List of Tables ix 

List of Symbols x 


1. Introduction 1 

I . I General 1 

1.2 Physical Properties 3 

1 .3 Chemical Properties 3 

1 .4 Disposal of Fly Ash 4 

1.5 Reclamation of Fly Ash Deposits 5 

1.6 Motivation for the Study 5 

1.7 Structure of Thesis 6 

2. Literature Review 7 

2.1 General 7 

2.2 F.xperimcntal Studies 7 

2.3 Analytical Studies 14 

3. Experimental Studies 18 

3.1 General 18 

3.2 Experiinental Studies ' IS 

3.2.1 Settling Limit 18 

3.2.2 Preparation of the Samples for Sedimentation 20 

3.2.3 Simulation of Sedimentation and Consolidation Process of Fly 

Ash in Ponds 20 

3.2.4 Consolidation Tests 22 

3.2.5 Collapse Potential 22 

iv 



3.2.6 Gradation Analysis 24 

3.3 Results and Discussion 24 

3.3.1 Setting Limit of Fly Ash 24 

3.3.2 Simulation of Sedimentation and Consolidation Process of Fly 

Ash in Ponds 25 

3.3.3 Consolidation Characteristics 33 

3.3.4 Collapse Potential 37 

3.3.5 Gradation Analysis 38 

4. Analytical Study 44 

4. 1 General 44 

4.2 Problem Statement 44 

4.2. 1 Formulation 44 

4.3 Variation of Compression Index, Cc, with Void Ratio 49 

4.3.1 Relationship Between Void Ratio and Effective Stress for 

Cc Varying Linearly with Void Ratio 50 

4.4 Results and Discussions 5 1 

4.4. 1 Deposits with Constant Cc 5 1 

4.4.2 Cc Varying Linearly with Void Ratio 55 

5. Conclusions 66 

Rcferencc.s 68 

Appendix ^2 


V 



LIST OF FIGURES 


Figure No. Caption Page No. 

1.1 Spherical Shape of FA Particles 2 

1.2 General Flow Diagram of Fly Ash Production 2 

3.1 Simulation of Self-Weight Consolidation of Fly Ash, 21 

Deposited in Ash Pond/Lagoon, (a) Loading (b) Deposition 

(c) Self-Weight Consolidation, Shallow Depth (d) Loading to 
Simulate at Depth 

3.2 Percolation of Leachate into the Ground from Fly Ash Pond 22 

3.3 Simulation of Infiltration Galleries in Fly Ash Deposits (a) 23 

without Radial Fins (b) with Radial Fins (c) with Gcotcxtilcs 

3.4 Arrangement of Particles in (a) Sedimented and (b) 24 

Compacted Deposits ofFly Ash Samples 

3.5 netennination of Settling Limit of Fly Ash 25 

3.6 Settlement of Fly Ash Deposits of Scries 1 to 4 with Time 27 

under Each Stress (a) Stress vs. Time and (b) Settlement vs. 

Time 

3.7 Strain (e) versus log (a ) of Fly Ash Samples in Scries 1 to 4 28 

3.8 a) e versus log (o ) b) log e versus log (a ) c) log(l + c) 29 

versus (o ) of Fly Ash Samples in Scries 1 to 4 

3.9 Fly Ash Deposits with Infiltration Galleries a) Stress versus 30 
Time b) Settlement versus Time. 

3.10 Volume of Water Collected from Fly Ash Deposits and 31 

C on'csponding Settlements 

3. 1 1 Settlements of Fly Ash Deposits with Time under Each Stress 32 

(a) with Fins (b) without Fins 

3.12 Stress versus Strain of Fly Ash Deposits with Infiltration 32 

Galleries 

3.13 Consolidation Charactciistics of Sedimented Fly Ash from (a) 34 

Series I and (b) Series 2 

3.14 Consolidation Characteristics of Sedimented and Compactcil 35 

vi 



Fly Ash 


3.15 Variation of Compression Index with Average Effective 36 

Stress of Sedimented Fly Ash Samples from Series 2 

3.16 Definition Sketch for Mechanism of Increase in 36 

Compressibility with Effective Stress 

3.17 Results of the Double Oedometer Tests on Samples from 40 
Scries 1 (a) Top Layer; (b) Middle Layer; (c) Bottom Layer 

3.18 Results of the Double Oedometer Tests on Samples from 41 

Series 2 (a) Top Layer; (b) Middle Layer; (c) Bottom Layer 

3.19 Particle Size Distributions of Samples from Series 3 subjected 43 

to Consolidation (a) Top Layer and (b) Middle Layer 

4.1 Problem Definition (a) As Deposited (b) Final State (c) 45 

Element 'abed’ 

4.2 Variation of Comprc.ssion Index with Average Void Ratio of 48 

Sedimented Fly Ash from Series 2 

4.3 Comparison of Results of Present Study with Those Based on 55 

Saitoetal. (2001) 

4.4 Effect of Initial Depositional Void Ratio on Variation of (a) 50 

Void Ratio and (b) Normalized Void Ratio with Depth 

4.5 Effect of Initial Depositional Void Ratio on the Variation of 57 

Unit Weight with Depth 

4.6 Effect of Initial Void Ratio on the Variation of Effective 57 

Stress with Depth 

4.7 Effect of Initial Stress, (erg’), on the Variation of Void Ratio 58 

with Depth 

4.8 Effect of Initial Stress, (ag’), on the Variation of Unit Weight 58 

with Depth 

4.9 Effect of Initial Stress, (ct „*), on the Variation of Effective 59 

Stress with Depth 

4.10 Effect of Compression Index, Cc, on the Variation of Void _ 59 

Ratio with Depth 

4.11 Effect of Compression Index, Cc, on the Variation of Unit 60 

Weight with Depth 

vii 



4.12 Effect of Compression Index, Cc, on the Variation of 60 

Effective Stress with Depth 

4.13 Effect of Secondary Compression Index, Ca, on the Variation 61 

of Void Ratio with Depth 

4.14 Effect of Secondary Compression Index, Cu, on the Variation 61 

of Unit Weight with Depth 

4.15 Effect of Secondary Compression Index, Ca, on (a) Void 62 

Ratio (b) Unit Weight and (c) Effective Stress 

4.16 Effect of Rate of Deposition, V, on the Variation of Unit 62 

Weight with Depth 

4.17 Effect of To, Time for Sedimentation on the Variation of Unit 63 

Weight with Depth 

4.18 Effect of Specific Gravity on the Variation of Unit Weight 63 

with Depth 

I 

4. 1 9 Effect of Specific Gravity on the Variation of Effective Stress 64 

with Depth 

4.20 Comparison of Exporimenial and Predicted Void Ratios for 64 

Variable Cc 

4.21 Variation of Compression Index, Cc, with Void Ratio 65 

4.22 Effect of Variable Cc on the Variation of Void Ratio with 65 

Depth 

A-1 Comparison of Field Data of Bauxite Tailings with Predicted 72 

Values 


VIII 



LIST OF TABLES 


Table No. 


Caption 


Page No. 


1.1 

Normal Range of Chemical Composition for Fly Ash 

Produced from Different Coal Types (expressed as percent 
by weight) 

4 

2.1 

Values of Compression Index for Fly Ashes (after Yudbhir 
andHonjo, 1991) 

10 

2.2 

Collapse Potential Values in Relation to Relation to the 
Foundation Damage (after Clemcncc and Fibnarr, 1981) 

13 

3.1 

Some Characteristics of Fly Ash 

19 

3.2 

Initial and Final Water Contents 

20 

3.3 

Values of the Pseudo-Overconsolidation (cr’cs in kPa) Stress 
exhibited by Sedimented Samples 

26 

3.4 

Virgin Compression Index (Cc) of Sedimented Samples 

26 

3.5 

Comparison of Cc of Sedimented Deposits with Compacted 

Fly Ash 

37 

3.6 

Variation of the Initial Water Content (%) of Samples from 
Scries 1 and 2 

38 

3.7 

Collapse Potential (C,, in %) of the Fly Ash Samples from 
Sedimented Deposits 

42 





LIST OF SYMBOLS 


a 

Cc 

Cc 

Q 

Cp 

Ca 

Ci 

eavg. 

Ac 

Ac,, 

ACs 

G, 

h 

H 

Ho 

Hi 

AHi & AHj 
PI 
t 

tc 

To 

r; & 7 ;*, 

V 

Vf 

V, 

wr 

Wi 

Ws 

Ww 


Ratio of natural water content (w,i)/liquid limit (wl) 

Compression index 

Compression index at initial depositional void ratio (Cj) 

Swell index 

Collapse potential 

Secondary compression index 

Initial depositional void ratio 

Natural void ratio of the fly ash sample 

Average void ratio 

Total cliangc in void ratio 

Primary compression 

Secondary compression index 

Specific gravity of solids 

Depth of the deposit prior to sedimentation 

Total thickness of the deposit after consolidation (final state) 

Total thickness of the deposit prior to sedimentation 
Initial thickness of the sample 

Vertical strains before and after flooding the dry sample with water 

Plasticity index 

Time 

Time required to achieve an infinitesimal initial effective stress, cr^ 

Time for sedimentation and consolidation 

Nonnali/.ed times for i“' & (i+l)*'' layers 

Rate of deposition 

Final sediment volume 

Volume of solids 

Final water content 

Initial water content 

Weight of solids 

Weight of water 


z Depth of the deposit after consolidation (final state) 

Az, Normalized depth of i^'’ layer 

Azi Thickness of layer ‘i’ 

Yw Unit weight of water 

Ybo Initial submerged unit vveight of the deposit, at the time of deposition 

Yb Submerged unit weight of the deposit i.e. after consolidation 

T'i, Submerged unit weight of layer ‘i’ 

Tbi Initial submerged unit weight at time of deposition 

f ’ Average unit weight of the deposit 

cr^ Infinitesimal initial effective stress 

<T Effective stress on the layer at any depth prior to consolidation 
cr* Effective stress on the layer at any depth after consolidation 

Pscudo-ov'ercoi\s()lidation pressure 

Predetermined stress at which dry samples arc flooded with water 
).t Slope of e vs. log( cr’ ) curve 


xi 



CHAPTER 1 


INTRODUCTION 


l.I GENERAL 

In India, the.major portion, nearly 73% of power generation is based on Thermal 
Power Plants (TPPs) of which 90% use pulverized coal as fuel, as it is the major source 
of energy in India, the remaining comprising of diesel, wind, gas, and steam. The coal 
that is used in India has relatively low calorific value of about 2500 Kcal/kg to 3500 
Kcal/kg and with ash content of about 40 to 50%, which is higher in comparison to that 
from coal used in other countries namely U.S.A, Germany, Canada and U.K. Even by 
washing the coal, the ash content may not be reduced considerably as the impurities in 
Indian coal are mainly embedded within the structure of the coal rather than on the 
surface. On an average, the rate of ash production in a 1000 MW Power Plant is of the 
order of about 5000 tonnes per day. 

The non-combustible minerals in coal result in the formation of coal ash, which 
has two principal components namely Bottom ash and Fly ash. The powdered coal is 
conveyed by air to a furnace where the carbon is ignited in an atmosphere of 1040 to 
1 150 °C. The non-combustible minerals become molten as they are carried through the 
firing zone by the air stream / flue gas. The molten minerals solidify in this moving air 
stream and become the "finely divided powdered residue" known as fly ash, which is 
spherical in shape (Fig. 1.1). The fly ash produced is collected in electrostatic 
precipitator hoppers or silos. A general flow diagram of fly ash production is presented 
in Fig. 1.2. The bottom ash is collected at the bottom of the boilers/fumaces. 

Because of variations in coals from different sources, as well as differences in 
the design of coal-fired boilers, not all fly ashes are the same. There can also be 
substantial variations in the quality of fly ash obtained from different TPPs depending 
on die pulverization process, type of coal used, operation of the boiler, etc. Fly ash that 
is produced from the burning of anthracite or bituminous coal is typically pozzolanic 
and is referred to as a Class F fly ash if it meets the requirement that the percentage of 

major oxides (AI2O3 + SiOa + FeaOs) S:70 % (ASTM C618). 
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Fig. 1.2 General Flow Diagram of Fly ash Production 


Fly ash that is produced from the burning of lignite or sub bituminous coal, in 
addition to having pozzolanic properties, also has some self-cementing properties 
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(ability to harden and gain strength in the presence of water alone). When this fly ash 
meets the requirement that the percentage of major oxides < 70 % (ASTM C618), it is 
referred as Class C fly ash. Most Class C fly ashes have self-cementing properties. 

1.2 PHYSICAL PROPERTIES 

Fly ash consists of fine, powdery particles that are predominantly spherical in 
shape, cither solid or hollow, and mostly glassy (amorphous) in nature. The 
carbonaceous material in fly ash is composed of angular particles. The particle size 
distribution of most bituminous coal fly ashes is generally similar to that of silt (less 
than a 0.075 mm or No. 200 sieve). Although sub-bituminous coal fly ashes are also 
silt-sized, they are generally slightly coarser than bituminous coal fly ashes (DiGioia et 
al., 1972). The low specific gravity of fly ash 1.9 to 2.3 (Pandian et al, 1998) as 
compared to soils (2.65-2.8) is an attractive property for its use in geotechnical 
engineering applications as light weight fill. 

The colour of fly ash can vary from tan to gray to black, depending on the 
amount of unbumt carbon in the ash. The lighter the color, the lower the carbon content. 
Lignite or sub bituminous fly ashes are usually light tan to buff in color, indicating 
relatively low amounts of carbon as well as the presence of some lime or calcium. 
Bituminous fly ashes are usually some shade of gray, with the lighter shades of gray 
generally indicating a higher quality of ash. 

1,3 CHEMICAL PROPERTIES 

The chemical properties of fly ash are influenced to a great extent by those of 
the coal and the techniques used for handling and storage. There are basically four types 
of coal, each of which varies in terms of its heat value, chemical composition, ash 
content, and geological origin. The four types of coal are anthracite, bituminous, sub- 
bituminous, and lignite. In addition to being handled in a dry, conditioned, or wet form, 
fly ash is also sometimes classified according to the type of coal from which the ash 
was derived. The following table shows the chemical compositions of fly ashes based 
on coal types. The chief difference between Class F and Class C fly ashes is in the 
amount of calcium, silica, alumina, and iron contents in the ash. In Class F fly ash, total 
calcium content typically ranges from 1 to 12 percent, mostly in the form of calcium 
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hydroxide, calcium sulfate, and as glassy components in combination with silica and 
alumina. In contrast. Class C fly ash may have reported calcium oxide contents as high 
as 30 to 40 percent. Another difference between Class F and Class C fly ashes is that 
the amount of alkalis (combined sodium and potassium) and sulfates (SO4) are 
generally higher in the Class C fly ash than in the Class F fly ash. 


Table 1 . Normal Range of Chemical Composition for Fly Ash Produced from 
Different Coal Types (expressed as percent by weight). 



Bituminous 

Sub bituminous 

Lignite 

SiOa 

20-60 

40-60 

15-45 

AI 2 O 3 

5-35 

20-30 

10-25 

Fe203 

10-40 

4-10 

4-15 

CaO 

1-12 

5-30 

15-40 

MgO 

0-5 

1-6 

3-10 

SO 3 

0-4 

0-2 

0-10 

Na20 

0-4 

0-2 

0-6 

K 2 O 

0-3 

} 

0 

0-4 

Lor 

0-15 

0-3 

0-5 


Th« loss on Ignition (LOI)» which 1$ a measurement of the amount of unburnt carbon remaining in the fly ash, is 

on© of tht moat significant chemicai properties of Hy ash, especially as an Indicator of suitability for use as 
cement repijccment In concrete. 

1.4 DISPO.SAL OF FLV ASH 

Rapid increase in industrialization requires large amounts of electrical power, 
which in turn leads to production of huge amounts of fly ash as by-product. Disposal of 
this ash is a major concern and requires huge land area for its disposal the value of 
which cannot be compensated by money specially for a country like India, where 
land/population ratio is much less as compared to other countries. Usually fly ash is 
disposed by the following methods 

1 . Land disposal either in wet or dry form. 

2. Sea/River disposal 
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3. Utilization of fly ash as construction material. 

Among the various alternatives for disposal, wet disposal into Ash Ponds / 
Lagoons / Ash Dykes has been widely adopted by most TPPs. The bottom ash and fly 
ash as extracted are stored temporarily in silos, before transportation to the disposal 
areas, from which it can be used or disposed off in a wet or dry form. In the wet process, 
fly ash is mixed with 70 to 80% of water and then transported through pipes for storage 
into ponds or lagoons or ash dykes, where the ash particles settle by sedimentation 
process and the supernatant liquid is collected and let off into the nearby stream or river. 
Some of the liquid percolates into the ground and pollutes the ground water. This can be 
prevented by using liners or by providing infiltration galleries through which water is 
collected and disposed off into the nearby sea / river. It is estimated that for a 500 MW 
Power Plant an ash pond spreads over an area up to 10 km^ and ash fills up to a height 
of 10 m in 5 years .The height may increase to 30-50 ni with time. In many places total 
height of the ash ponds / deposits is > 30 m. 

1.5 RECLAMATION OF FLY ASH DEPOSITS 

Due to the scarcity of land and with the cost of land increasing day by day, it is 
essential to reclaim or improve these ash ponds so that they can be used for the 
construction of light and to medium heavy structures. These ash deposits have bearing 
capacity comparable to that of loose sandy deposit. As such lightweight building can be 
constructed without any stabilization measures (Ghosh et al. 1997). Generally the ash 
dcpo.sits placed in slurry form will be in a relatively soft and loose state with very low 
density and may lead to liquefaction during earthquake. Considerable research has been 
conducted to improve the density of these ash deposits such as blast densification, 
vacuum dewatering, vibro-compaction, vibro-floatation (Gandhi et al., 1999; Gandhi, 
2000), stone columns (Madhav et al., 1999), chemical stabilization (Ghosh et al., 1999). 

1.6 MOTI VA ITON FOR THE STUDY 

Some studies were conducted on the compaction, comprcs.sibility and 
consolidation characteristics of compacted fly ash samples (Gray and Lin, 1972; 
Leonards and Bailey, 1982; Web and Hughes, 1987; Martin and Collins, 1990; Capco, 
1990; Singh, 1994; Sinha, 1998), improvement of ash deposits (Gandhi et al., 1999; 



Madhav et al., 1999; Gandhi, 2000; Ghosh et al, 1999), construction on abandoned fly 
ash beds (Ballisager et al, 1981; Havukainen, 1983), reclamation of fly ash beds 
(Ghosh et al, 1997). Skarzyska et al (1989) studied the engineering characteristics of 
in situ fly ash (ash in storage ponds). Sridharan et al (1996) studied the gcotechr.ic.'.' 
characteristics of pond ash. Kolay (2000) studied the interaction of fly ash with water, 
characterization of lagoon ash and also collapse potential of compacted ash samples. 
Raza et al (2000) presented a study on the effects of lime, surfactant and geo-fibre on 
compression index, coefficient of consolidation and penneability of compacted fly ash. 
But no literature is found on the consolidation and compressibility characteristics, 
collapse potential of sedimented fly ash deposits. 

Myint et al (1999) conducted a laboratory study on the consolidation process of 
sIuiTy-like soil with radial drainage. Gibson et al (1967) developed a most general 
governing equation for one-dimensional consolidation taking large strains into account. 
Gibson et al (1981) and Lee et al (1981) applied the above proposed theoiy to the 
consolidation process of nonnally consolidated and under consolidated deposits 
respectively. Koppula and Morgcrnstcni (1982) studied the consolidation process of 
sedimenting clays. Saito et al (2001) developed an analytical solution, based on 
Djerrum’s (1967) hypothcsi.$, to determine the distribution of void ratio, unit weight etc. 
with depth. These studies gave the inspiration for ilovclojiing a new theory to deduce the 
variation of void ratio, unit weight and effective stress with depth of a sedimented and 
consolidated fly ash deposit. 

1.7 S I RGCTURE OF THE THESIS 

A brief review of existing literature pertaining to the studies on fly ash and 
consolidation models considering large / finite strains into account has been presented in 
chapter 2. Chapter 3 gives the details of the experiments perfomied on sedimentation 
and consolidation processes of fluidized fly ash and of compressibility and collapse 
potential of these sedimented fly ash deposits. Discussion of the results obtained from 
these studies is also presented here. Chapter 4 presents an’ analytical study on the 
variation of void ratio, unit weight and effective stress with depth of the fly ash 
deposits. Concluding remarks on the above studies are presented in chapter 5. 


CHAPTER 2 


LITERATURE REVIEW 


2.1 GENERAL 

A review of the existing literature on studies related to fly ash is presented in 
this chapter. First part of this chapter deals with the experimental studies conducted on 
fly ash as an engineering material, reclamation of fly ash beds, and consolidation with 
radial drainage. The second part deals with the analytical studies on consolidation of 
soft deposits under applied load and self-weight consolidation of dredged fill. 

2.2 EXPERIMENTAL STUDIES 

Gray and Lin (1972) presented a state-of-the art review of the engineering 
properties and utilization of compacted fly ash. Drained triaxial tests were conducted on 
fly ash compacted to maximum dry density (MDD). The friction angle varied from 38° 
to 43° and cohesion from 69- 103 kPa. Effects of degree of saturation, lime treatment, 
preliminary curing time and duration of load increment were studied. It was observed 
that partially saturated fly ash was considerably less compressible compared to saturated 
fly ash. The permeability of fly ash compacted to MDD ranged from 0.05x10’^ cm/sec 
to 8x10“^ cm/sec (impervious to poorly pervious). The compressibility behaviour of 
compacted fly ash was dependent on age hardening or pozzolanic properties. The 
compres.sibility of lime treated fly ash, either tested in long term loading or cured before 
testing, were comparable and less compared to untreated compacted fly ash. Long term 
field settlement of compacted fly ash cannot be predicted satisfactorily on the basis of 
standard short term laboratory consolidation tests as the pozzolanic behaviour tends to 
limit the extent of actual field settlement in the long run. However, the field evidence 
suggests that settlement is not a significant problem in compacted fly ash. 

Oallisagcr and Sorenson (1981) presented an interesting study on the 
construction of 40,000 m° steel tank on a bed of sand and gravel resting directly on 
about 5 m of lagoon fly ash, deposited hydraulically with water content of 103% and 
unit weight of 13.8 ld4/ml Self-cementing properties of the existing fly ash were 
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revealed partly through a preconsolidation pressure of 250 to 550 kN/m^ in 
consolidation tests and partly as an effective cohesion of 1 1 to 14 kN/m^ with a friction 
angle of 30° to 35° in drained triaxial tests. Settlement of the tank was recorded to be 
159 mm corresponding to a modulus of compression of 2100 kN/m^. As the hardening 
properties of the fly ash depend on the quality of fly ash, which in turn depends on the 
origin, combustion, etc., fly ash sedimented as lagoon ash was not a well-defined 
material. 

Leonards and Bailey (1982) presented a study on fly ash as structural fill. The 
study included the evaluation of index and chemical properties, strength, 
compressibility and aging characteristics of compacted fly ash. Field tests such as static 
cone penetration and plate load tests were also conducted. Unconfined compressive 
strength values were 115 to 21 1 kN/m^ for samples compacted to dry density of 9.6 to 
10.2 kN/m^ at moisture contents in the range 20% to 40%. Maximum dry density and 
optimum moisture content varied from 10.5 to 14.1 kN/m^ and 17.5% to 39% 
respectively. Compre.s.sion index of samples compacted to unit weight of 9.4 to 9.8 
kN/m^ at nearly 30% water content was 0.1. Samples exhibited collapse of about 0.45% 
on adding water at a particular stress level (400 kN/m^). A series of plate load tests were 
performed, on plates of size 0.3x0.3 m and 0,6x0.6 m respectively, during the early 
stages of fill placement and in each case a compacted ash layer of thickness of at least 
three times the plate dimension was present beneath the bearing surface. Settlements 
from plate load test, on 0.3x 0.3 m plate, on compacted fly ash was 3.81 mm and on 
very dense sand was 6.35 mm at a stress level of 480 kN/m^. Maximum bearing 
pressure from plate load test on 0.3x0.3 m was 1724 IdNfW. 

McLaren and Digioia (1987) reported that compression index, Cc, for normally 
consolidated fly ashes with void ratio in the range of 0'.8±0.2, was in the range of 
0.13±0,082. The coefficient of consolidation, Cy, of compacted fly ashes was in the 
range of 100 to 1000 raVyear (Web and Hughes, 1987) and of undisturbed samples from 
fly ash reclamation fill in the range of 30 to 60 mVyear (Capco, 1990). Martin et al. 
(1990) reported the compression and recompression indicies of six different fly ashes to 
range from O.I to 0.3 and 0.02 to 0.04 respectively. 
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Singh (1994) studied the engineering properties of compacted fly ash. The 
effects of adding lime to fly ash on its strength, maximum dry density and optimum 
moisture content were also investigated. Maximum dry density (MDD) and optimum 
moisture content (OMC) from Miniature compaction test were found to be 1.165 
gm/cm^ and 32.6% respectively. It was noticed that MDD decreases and OMC increases 
for fly ash - lime mixtures with increasing lime content. Unconfined compression tests 
performed on samples with varying calcium oxide (CaO) and curing period revealed 
that the lime fixation point was about 6%. It was observed that the compressibility of fly 
ash decreases with increase in storage/curing period after mixing with water. The stress- 
strain and volume change-strain behaviour of the compacted fly ash was shown to be 
sensitive to the applied confining stress. 

Sridharan et al (1996) studied the geotechnical characterization of pond ash. 
The fly ash stored in lagoons is known as pond ash. The lagoon or pond ash is more 
variable in composition than the fly ash. The degree of segregation depends on the 
distance of the sampling location from the discharge point. The specific gravity of the 
ash particles at the discharge zone is higher than that at the outflow point. The specific 
gravity of pond ash varied from 1.9 to 2.5. The dry density of pond ash tested under 
Standard Proctor Compactive effort ranged from 9.1 kNW to 14.9 kN/m^ and the 
optimum moisture content from 18 to 45% (Skarzynska et al 1989). The 
compressibility characteristics of fly ash depend on initial density, degree of saturation, 
self-hardening characteristics and pozzolanic activity. Partially saturated fly ashes were 
less compressible (Table2.1) compared to fully saturated ones (Yudbhir and Honjo, 
1991; Skarzynska et al 1 989). 

Pandian et al (1997) studied the specific gravity of three Indian coal ashes (fly 
ash, pond ash, bottom ash) and the effects of crushing on specific gravity. The variation 
of specific gravity of coal ash was due to the combination of several factors such as 
gradation, particle shape and chemical composition. The specific gravity of larger 
particles was lower, may be due to the entrapped air in the particles most of which were 
cenospheres. TTie specific gravity of crushed particles was higher compared to 
unemshed particles indicating removal of air during crushing. In most cases, fly ash has 
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a high specific gravity (1.9 - 2.3) compared to pond ash (1.6 -.1.9). Specific gravity of 
coal ash lies generally between 1. 6-2.3. 


Table 2.1 Values of Compression Index for Fly Ashes (after Yudbhir and Honjo, 1991) 


Placement Void 

Ratio 

Condition of 

Compression Index, 

Comment 

placement 

Co 


0.3-1.0 

conditioned 

compacted 

0.19-0.24 

Veiy dense to 

I. 0-2.0 


medium dense 

hydraulically 

0.24-0.61 

medium dense to 


placed 

2.0-3.0 


loose 

lagoon ashes / 

0.61-0.88 

loose to very loose 


loose dumps 


Ghosh e( al (1997) presented an interesting study on geotechnical 
characteristics of fly ash pond. The site has been investigated over a depth of 10.8 m by 
(i) Boring and collecting undisturbed samples, (ii) Standard penetration tests, iii) 
Dynamic cone penetration tests, and (iv) Plate load tests. Direct shear tests conducted 
on undisturbed samples collected from different depths gave cohesion and friction angle 
in the ranges of 16 to 22 kPa and 34° to 36° respectively. The N values from standard 
penetration tests ranged between 4 and 7 while Ndyn. values were in the range of 6 to 12 
for depths of 1 1.0 m. Plate load tests on 30 cm and 45 cm square plates gave a bearing 
capacity of 300 kPa at a settlement of 25 mm. A full scale test on the foundation 
exhibited sudden collapse of the footing at a stress of 387.5 kPa. With these bearing 
pressures light loaded structures can be constructed without any treatment / 
improvement. But for medium to heavy structures the ash ponds need some type of 
ground treatment / improvement. 

Sinha et al. (1998) studied the compressibility characteristics of compacted pond 
ash from two different locations of the same pond. It was observed that the 
compressibility characteristics were sensitive to density. Compression index values 
reported range from 0.12 to 0.31 and were found to be higher than those of other 
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compacted samples, even though the void ratios of these samples were smaller (0.7 - 

1 . 2 ). 


Sridharan and Prakash (1998) have shown that the liquid and plastic limits 
determined conventionally either by percussion cup or cone penetration method were 
arbitrary and strength-based water contents. The state of the soil-water system at 
conventional liquid limit does not correspond to a stress-free reference state. As such 
they proposed simple procedures to determine ‘real liquid limit’ of any soil. The term 
liquid limit qualitatively represents the maximum water holding capacity, which 
represents the stress-free reference state. This real liquid limit (settling limit) is the 
limiting water content between the liquid and semi-liquid states. Number of 
experiments was conducted to show clearly that the settling limit represents the 
maximum water-holding capacity of soils and that it corresponds to stress-free reference 
state. 


Kaniraj and Havanagi (1999) studied the characteristics of fly ash-soil mixtures 
from Rajghat Thermal Power Plant, Delhi, India and Baumineral, Bochum, Germany 
and reported the physical and chemical properties of these ashes. The MDD and OMC 
were 10.52 kN/ra^ and 36.5% respectively for Rajghat fly ash and 14.18 kNW and 
18.4% respectively for Baumineral fly ash. Unconfmed compressive strength (UCS) of 
statically compacted Rajghat fly ash was 67.5 kN/m^ while that of dynamically 
compacted Baumineral fly ash was 165.52%. It was observed that UCS of the fly ash- 
soil mixtures increases with increase in fly ash content. Compression Index (Cc) of 
statically c(.)mpacted Rajghat fly ash was 0.072, the Swell Index (Cs) was 0.017, while 
the Coefficient of Consolidation (Cv) ranged 238 to 299 m^/year. The compression of 
compacted fly ash fills was small and occurs very quickly as consolidation rates are 

very high. 


Myint et al. (1999) presented an interesting laboratory study on one-dimensional 
compression of slurry-like soil with radial drainage under a vertical load. The average 
water content and bulk density of the slurry were 132% and 13.6 kN/m respectively. 
Initial void ratio of the soil was 3.5, liquid and plastic limits were 73 and 27% 
respectively, A vertical load of 1 10 kPa was applied. The net additional pressure on the 
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slurry was about 105 kPa after the deduction due to side friction. Initially deformation 
of slurry occurred only due to the expulsion of excess water. During this period there 
was no change in excess pore water pressure and hence no gain in effective stress. 
Consolidation of the slurry was started once the soil particles came in contact with each 
other and attained the density of 14.26 IcN/m^, corresponding to a void ratio of 2.68, at 
which effective stress gain was just started. Vertical strain during the no pore pressure 
dissipation period was found to be as high as 19% in the laboratory and 26% in the field 
studies. As such, the deformation of slurry-like soils does not follow Terzaghi’s 
consolidation theory in the initial stage. Been and Sills (1981) noticed in their 
experiments that other time and rate dependent processes exist which were not 
associated with changes in effective stress. 

Kolay (2000) studied the consolidation and compressibility characteristics and 
collapse potential of compacted fly ash. The maximum dry density and optimum 
moisture content were found to be 11.4 kNW and 30.5% respectively. The 
compression index and swell index were 0.0382 and 0.0161 respectively. The collapse 
potential of fly ash, compacted at OMC, at normal stress varying from 200 to 400 kPa, 
was < 0.3% and decreases with increase in normal stress. Clemence and Fibnarr (1981) 
relate (Table 2.2) collapse potential with the severity on foundation. 

Raza et al, (2000) studied the consolidation behaviour of treated compacted fly 
ash. The compression index of plain fly ash compacted to 76.5% of MDD is. 0.1158. 
The compression index decreased initially with increase in lime content from 0.1 16 at 
0% lime content to 0.072 at 1% lime content but increased to 0.0919 at 5% showing that 
1% of lime content was the optimum value. Similarly it was found that the optimum 
percentages of surfactant and geo-fibre were 0.1% and 0.2% respectively. The reduction 
initial void ratio, compression index and settlement of plain fly ash treated and 
reinforced with optimum percentages of lime content, surfactant and geo-fibre were 
found to be 5.5%, 55.5% and 53.9% respectively over plain compacted fly ash. 
Consequent increases in coefficients of consolidation .and permeability werel35% and 
18% respectively. 
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Table 2.2 Collapse Potential Values in Relation to the Foundation Damage. 


Collapse Potential 

Severity of Problem 

0-1 

No problem 

■ 1-5 

Moderate trouble 

5-10 

Trouble 

10-20 

Severe trouble 

>20 

Very severe trouble 


Ghosh and Bhatnagar (2000) conducted laboratory and full scale field tests on 
chemical stabilization, through grout columns, of fly ash beds. The grout columns 
comprised of about 85% fly ash and rest lime or gypsum or cement content. Three 
different mix designs were prepared in the laboratory and the columns of size 0.15 m 
diameter and 1.25 m deep were installed. Ultimate bearing capacity of virgin fly ash 
bed, stabilized beds of design mixes - mix-2, mix-3 and mix-4 were respectively 370, 
380, 580 and 720 kN/m^. Theoretical computation of ultimate bearing capacities using 
bulging theory and pile failure theory was found to be 574 kN/m^ and 490 kN/m^ 
respectively. 

Madhav and Ghosh (2000) studied the reclamation of fly ash beds with granular 
piles. An experimental program has been taken up to study the effectiveness of stone 
columns. Load tests were conducted on small scale niodel beds prepared by 
reconsolidation technique. Settlement of unreinforced fly ash bed was about 19 mm 
under a stress of 60 kPa while that of reinforced bed was 7 mm under the same stress. A 
combined stone column raft system gave a settlement of 10 mm under the same average 
stress, about 50% reduction in settlement compared to that of untreated ground. 
Granular piles also increase the resistance to liquefaction. This can also be achieved 
through vibro-compaction, vibroreplacement and blast densification (Gandhi, 2000; 
Gandhi e/ < 3 /., 1999). 
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2.3 ANALYTICAL STUDIES 


Gibson et al, (1967) derived the equation governing one-dimensional 
consolidation of a fully saturated clay layer with assumptions rather more general than 
those adopted in conventional theories. The limitation of small strain has not been 
imposed and the variations of permeability and compressibility with void ratio were 
considered. Following equation governing the variation of void ratio with depth and 
time was obtained. 





d 

'k{ey 


k{e) da de 

U/ J 

de 

_1 + ej 

dz dz 

Pj-(l + e) de dz 


de 

+ — = 0 
dt 


( 2 . 1 ) 


where pf and ps are the unit weights of the fluid and solid phases, lc(e) is the coefficient 
of permeability as a function of void ratio (e), z is the solid thickness of the material, cr 
is the effective stress. ‘+’ sign is taken when ‘z’ is measured against the gravity. The 
above theory was applied to study the finite nonlinear consolidation of thin 
homogeneous layers with the assumption that the stresses due to the self-weight of 
solids and pore fluid were negligible compared to those applied. The same was 
incorporated in the above equation by assuming that ps = pf. 


Lee and Sills (1981) developed a consolidation model based on the theory 
proposed by Gibson et al, (1967) and applied it to the consolidation of dredged fill 
during and after deposition. No restriction was made on the magnitude of strain and the 
boundaries were allowed to move as required during the consolidation process. While 
the coefficient of permeability *k’ increases with increasing void ratio and the 
coefficient of consolidation, Cf, was assumed to be constant and simplified Eq. 2.1 to 


de ~ d^e 
dt ^ dz^ 


where C« 


( 2 . 2 ) 


dcr’ 


p^{l + e) de 


and » A^(l + 1) , ko is permeability at initial void ratio. 
Pf 

Consolidation process for the following cases was studied. 
1) Consolidation of a dredged fill due to selfi weight. 



2) Consolidation of a normally consolidated stratum due to surface loading. 


The coefficient of secondary compression was defined in different ways (Mesri, 
1973). Several definitions of the coefficient of secondary compression are 


Ay 


A log/ 


r 

“ ~ Alog/’ 


= 


1 + e 




C„ 


1 + e„ 


1 + e, 




where s = settlement, e = void ratio, t=time, eo=initial void ratio at natural water 
content, ep void ratio at the beginning of load increment and ep=void ratio at the 
beginning of linear portion of e versus log(a ). Mesri and Godlewski (1977) studied the 
relationship of compressibility with respect to effective stress (a ) and time (t). The 
compressibility with respect to stress and time were expressed by compression index, Cc 
= Ae/Alog a and secondary compression index, Ca = Ae/Alog t, where e is the void 
ratio. One-dimensional compressibility data on Mexico City clay, Leda clay and New 
Haven organic clay silt were presented. The applied stress on Leda clay and organic 
clay silt varied from 1.68 - 3100 kN/m^ and 1.9 - 860 kN/m^ respectively. Relationship 
between Ca and Cc was examined from the plots of Ca versus Cc and data from variety 
of natural soils. The values of the ratio CJ Cc were in the range of 0.025 - 0. 10. It was 
also observed that Ca may increase, decrease or remain constant with time depending on 
the shape of e versus log o curve. 


Gibson et at, (1981) studied the finite strain consolidation of saturated thick, 
homogeneous soil layers with both one-way and two-way drainage. The governing Eq. 
(2.1), which is highly nonlinear was reduced to a linear form, Eq. (2.3), by assuming the 
variable tenns - finite strain coefficient of consolidation (g(e)) and variable coefficient 
(X(e)) to be constant. The nonlinearity of soil permeability and compressibility were 
retained. 






gdi 






(2.3) 

(2.4) 
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The void ratio and effective stress relation was implicit in Eq. (2.4), integration of 
which gives 

« = (^00 - ) exp(-;icr') + (2.6) 

where Coo and Cm are the void ratios at the beginning (a= 0) and end (a= oo) of 
consolidation. 

The governing Eq. (2.3) was noniialized aird solved using finite difference numerical 
technique. A comparison with conventiona.1 theory has shown that conventional theory 
seriously overestimates the time of consolidation and underestimates the excess pore 
water pressure in a soft layer. 

Cargill (1984) presented a simplified hand-calculation procedure for the 
calculation of one-dimensional primary consolidation of very soft fine-grained material 
such as dredged fill based on charts developed from linear finite strain consolidation 
theory by Gibson e( aL, (1981). The solution charts for self-weight consolidation of 
dredged fill, with both one-way and two-way drainage, and technique for handling the 
case of multiple consolidating loads i.c. the periodic deposition of fill i!ydrauiica!iy 
placed over the picviou.sly placed and partially consolidated layers were also presented. 
r.,impari.sou of predicted settlements from linear finite strain theory with measured data 
for the sites Caiutv eral Harbor disposal area and Crancy Island disposal were in very 
close agreement. Possible reasons for the deviation of predicted settlements from the 
measured were attributed to de.siccation, approximations in hand-calculation procedure 
etc. The small strain theory seriously under predicts the settlements even before 
desiccation effects were possible. 

Saito el aL, (2001) proposed an analytical model based on Bjerrum’s hypothesis 
to deduce the depth wise distribution of void ratio and other soil parameters. Difference 
in plasticity index values i.e compression index, Cc (Eq. 2.7), was reflected in the 



distribution of parameters - void ratio, unit weight, overburden pressure, apparent 
preconsolidation and OCR (overconsolidation ratio) with depth. 


Cc = (0.015+0.007PI)/0.434 (2.7) 

On the other hand depositional rate has shown considerable effect on OCR but almost 
no effect on void ratio and unit weight. The results compared well with the field data 
reported by Meade (1963) and Velde (1996), for soils with PI in the range of PI from 10 
to 100. 


Morris (2002) derived analytical solutions for linear finite strain one- 
dimensional consolidation (Gibson et al, 1981), small-strain consolidation and self- 
weight consolidation with both one-way and two-way drainage. The analytical solutions 
were only marginally more accurate than the numerical solutions by given Gibson et al, 
(1981) and Cargill (1984). The degree of consolidation, U, values from numerical 
method were slightly more at the beginning and less at the end of consolidation than the 
exact values. Maximum difference in degrees of consolidation between numerical and 
exact values was less than 6%. 
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CHAPTER 3 


EXPERIMENTAL STUDIES 


3.1 GENERAL 

Generally, most of the fly ash produced by Thermal Power Plants is disposed off 
in slurry form in to ponds / lagoons / ash dykes. The fly ash in slurry form undergoes 
sedimentation and excess water is drained out. Fly ash deposit fonned through 
sedimentation process undergoes consolidation under its own weight and will be in a 
soft state. The properties of this sedimented and consolidated deposit of fly ash could be 
very different from those of compacted fly ash about which considerable literature 
exists (Gray and Lin, 1972; Leonards and Bailey, 1982; Web and Hughes, 1987; Martin 
and Collins, 1990; Capco, 1990; Singh, 1994; Sinha, 1998). As the land requirement as 
well as the cost of land is increasing day by day, it is essential to reclaim or improve the 
ash ponds so that they can be used for the construction of light to medium heavy 
structures. In view of this, it becomes necessary to study the compressibility and 
consolidation properties of these sedimented and consolidated fly ash deposits. 

3.2 EXPERIMENTAL STUDIES 

Fly ash directly collected from the hopper of Panki Power Plant is used for the 
present study. Fly ash is thoroughly mixed with water and made in to slurry. The 
following e-xperiments are performed on the samples prepared from this fly ash slurry - 
Settling limit, Large-scale consolidation tests (Simulation of sedimentation and 
consolidation process of fly ash beds), Large-scale Radial Consolidation tests 
(Simulation of infiltration), Consolidation Tests, Double Oedometer Tests (for Collapse 
potential) and Grain size analysis. Table 3.1 presents some of the characteristics of the 
fly ash. 

3,2.1 Settling Limit (Sridharan and Prakash, 1998) 

The state of soil-water system at conventional liquid limit does not necessarily 
nor precisely conespond to a stress-free reference state. As such Sridharan and Prakash 
(1998) propose a simple procedure for the detemiination of the settling limit (real liquid 
limit) of natural soils. Settling limit represents the maximum water holding capacity of 
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the soil that corresponds to the stress-free reference state. Following is the procedure to 

determine the settling limit. 

1. A sample of 25g of fly ash (soil) is placed in each of about seven to eight 100 ml 
jars. 

2. With the same amount of fly ash in each of the jars, fly ash- water suspensions of 
different initial water contents (Wj) are prepared by adding varying quantities of 
distilled water to the jars. 

3. Each of the fly ash-watcr suspension prepared is thoroughly mixed and left 
undisturbed. 

4. The sediment equilibrium volume (Vf) in each of the jars is noted after about 24 lus. 

5. Knowing the dry weight (Wj) of the fly ash taken, the final sediment volume (Vj) and 
the specific gravity of the fly ash (Gs), the final equilibrium water contents (wf) of 
each of the sediments are calculated as follows. 

Volume of solids = V* = — ^ where is the unit weight of water, 

=> Weight of water held by the sediment = Ww = (VrVs) Tw 

.'.Final equilibrium water content, wc= 

Table 3.2 presents initial and final water contents obtained for series 1 and 2 

6. The results are plotted in the fonn Wr versus logio Wj (Fig. 3.5). 

7. I'he final equilibrium water content corresponding to the intersection of the best-fit 
line enc('nij)a.ssing the experimental points with the Wf = Wj line is noted as the 
‘settling-limit water content’ of the fly ash. 


Table 3.1 Some Characteristics of Fly Ash 


Colour 

Grey 

Physical State 

Powder 

Specific Gravity 

2.05 

Particle .Size 


Sand (0.4 -0,075 mm) 

26% 

Silt (0.075 -0.002 mm) 

70% 

Clay (<0.002 mm) 

4% 

Settling limit (Real liquid Limit) 

60% 
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Table 3.2 Initial and Final Water Contents 


Series 1 

Series 2 

■■ 

■■ 



60 

59.22 

65 

63.22 

70 

63.22 

75 

69.22 

80 

69.22 

90 


100 

75.12 

no 

mg^m 

125 

79.22 

140 

79.22 

150 

81.22 

170 

83.22 

200 

87.22 

230 

85.22 

250 

89.22 


- 


3.2.2 Preparation of the Samples for Sedimentation 

The dry fly ash, collected from the hopper, from the Panki Power Plant is mixed 
with water content that is more than its settling limit of 60 %. The fly ash-water mixture 
is thoroughly mixed and made into slurry. The slurry is left for 24 hrs for uniform 
distribution of water content. The average water content of the slurry varied from 74% 
to 81%. 

3.2.3 Simulation of Sedimentation and Consolidation Process of Fly Ash in Ponds 

Self-weight consolidation of fly ash slurry hydraulically placed/deposited into a 
lagoon/ash pond/ash dyke has been simulated in the laboratory. The prepared slurry is 
poured into tanks, sides of which are greased to reduce the friction during loading. The 
tanks (Fig. 3.1c) have a perforated base and are of size 38.5 cm in diameter and 20 cm 
in height. Initially slurry undergoes sedimentation and excess water is collected through 
the perforated base. The top of the soft deposit is covered with perforated Perspex sheet 
and loaded as shown in Figure 3.1a, up to a maximum stress that varied from 20 to 35 
kPa, to represent the self-weight consolidation of a layer at depth, z (Fig. 3.1b). The 
settlements are measured by three dial gauges placed on the top of the plate. Figures 
3,1c and 3. Id represent the layers at shallow and deep depths. Each load is kept for a 
sufficiently long period until the rate of settlement becomes negligible and the final near 
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constant settlements are obtained. The average water contents of these sedimented and 
consolidated deposits varied from 53 % to 57 %. A total number of four tanks, series 1 
to 4, are filled with fly ash slurry, loaded and thus prepared. 


Load in kg 




Layer 1 


G.T. 

A 




CTzi 


Time 


H 




(a) 


(b) 



(c) ■ (d) 

Figure. 3.1 Simulation of Self-Weight Consolidation of Fly Ash, Deposited in Ash 
Pond/Lagoon, a) Loading b) Deposition c) Self-Weight Consolidation, Shallow Depth 
d) Loading to Simulate Layers at Depth. 

In the wet disposal system, pollution of ground water may occur because of the 
leachate percolating through foundation of the ash pond into the ground water (Fig. 
3.2). The rate of percolation depends on the permeability of the foundation medium. 
Harmftil effects due to this leachate can be prevented by lining the ash ponds with 
suitable non-permeable layers to prevent infiltration of leachate in to the ground or by 
providing infiltration galleries to collect the leachate for remediation and treatment 
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before discharging in to natural streams. Water collected in these galleries is pumped 
out and either let off into nearby stream / river or recirculated back to the plant where it 
is treated and used again in the preparation of fly ash slurry. 



Fig. 3.2 Percolation of Leachate into the Ground from Fly Ash Pond 

The infiltration is simulated in the laboratory by providing a metallic tube of 
internal diameter 5 cm inside the tank of size 38.5 cm in diameter and 20 cm in height. 
In the present study two cases are studied. In first case, infiltration galleries are without 
radial fins. In the second case, infiltration galleries are provided with radial fins of size 
5 mm in diameter and 5 cm in length. The openings in infiltration gallery and on radial 
fins are covered with filter paper to prevent the movement of fly ash particles into the 
gallery. Water from these infiltration galleries is collected as shown in Figure 3.3. 

3.2.4 Consolidation Tests 

After the sedimented fly ash is consolidated under the applied stress in the tanks, 
samples from different depths, top, middle and bottom layers, are taken out and tested 
for compressibility and consolidation characteristics by ‘conducting conventional 
oedometer tests. 

3.2.5 Collapse Potential 

The fly ash particles in the sedimented deposit are often relatively in loose 
packing as compared to those in compacted state (Fig. 3.4), Hence reclaimed fly ash 
may exhibit collapse phenomenon. The same is studied by conducting double 
oedometer tests in the laboratory. Two of the three samples collected from each layer 
are dried, by keeping them open to atmosphere to simulate the field conditions, and 
oedometer tests are performed. The dry ash samples are initially loaded to certain 
normal stress. After the completion of the initial compression, the ash samples are 
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Perforated 

Radial Fins Perspex Sheet 




(a) 





Tank 


Fig. 3.3 Siinulatiou of tofiltration Galleries in Fly Ash Deposits a) without Radial Fins 
b) with Radial Fins c) with Geotextiles. 


23 



flooded with water and the collapse potential (Cp) is obtained as follows 

Cp = (e,-e 2 )/(l+eo) (3.1) 

or =(AH 2 -AH,)/Hi. (3.2) 

where, ei and 62 are void ratios before and after flooding and Bq is the natural void ratio 
of the ash sample or AHi and AH 2 arc respective vertical displacements before and after 
flooding and Hj is the initial thickness of the ash sample. 



(a) (b) 


Figure. 3.4 Arrangement of Particles in a) Sedimented and b) Compacted Deposits of 
Fly Ash Samples 

3.2,6 Gradation Analysis 

Grain size distribution analyses are performed on the samples from top and 
middle layers of the sedimented deposits (Series 3), before and after consolidation, to 
evaluate the changes in them, if any. Ma.Kimum stresses applied on samples during 
con.solidution are 392.4, 784.4, 1569.6 and 3139.2 kPa. 


3.3 RESt l/rS AND DISCUSSION 

Results obtained from the experimental studies op Panki fly ash are presented 
and discussed here. 

3.3.1 Settling Limit of Fly Ash 

Two series of tests are conducted as per the procedure given by Sridharan and 
Prakash (1998). The results are depicted in Fig. 3.5, Settling limit of Panki fly ash is 
found to be 60%. The liquid limit determined by the fall cone test was about 56% 
(Madhav and Ghosh, 2000). 




Fig.3.5 Determination of Settling Limit of Fly Ash 

3,3.2 Simulation of Sedimentation and Consolidation Process of Fly Ash in Ponds 
The loading sequence and settlements of fly ash deposits under each stress 
applied that occurred with time are depicted in Figure 3.6. Results show that the 
settlements (Fig. 3.6b) follow the applied stresses (Fig. 3.6b). Settlements occur very 
rapidly with time immediately after applying load and subsequently increase marginally 
with time. Results on the compressibility of fly ash deposits in the tanks (series 1 to 4) 
are depicted in Figure. 3.7 as strain (e) versus log (a ’) to avoid effect of the variation in 
the initial void ratio. Even though the deposits are not subjected to any pre- or 
ovcrconsolidalion all the curves depict responses similar to those of over consolidated 
soils. The p.scudo-ovcrconsolidation stress (o’es) is determined fi-om the three methods, 
viz., e versus log (o’). log e versus, log (o’) and log (1+e) versus, log (o’) and 
tabulated in Table 3.3. A linear void ratio - log (effective stress) is to be expected for 
sedimented deposits. However all the samples exhibited a change in slope at an 
effective stress in the range 6 to 12 kPa even though none of them are subjected to any 
such stress. This pscudo-overconsolidation effect may be due to the pozzolanic activity 
possessed by the fly ash in the presence of calcium oxide in small amounts. Plots of e 
versus log (o ’), log e versus, log (o ’) and log (1+e) versus, log (o ’) are also shown in 
Fig. 3.8. Results show that te is hardly any rebound of fly ash during unloading 
except for series 1 , which may be due to some disturbance. Compression Index (Cc) and 
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swell index (Cs) of the samples sedimented in the tanks varies from 0.08 to 0.16 and 
0.003 to 0.28 (Table 3.4) with average values of 0.1 14 and 0.01 respectively. 


Table 3.3 Values of the Pseudo-Overconsolidation (a cs in kPa) Stress exhibited by 
Sedimented Samples. 


Method 

Series 1 

Series 2 

Series 3 

Series 4 

e vs. log a 

11.3 

7 

6.5 

7 


10 

5.6 

6 

6 

log (1+e) vs. 

log a 

10 

5.6 

5 

6 


Table 3.4 Virgin Compression Index (Cc) of Sedimented Samples 


Series 

Compression 

Index (Cc) 

Swell Index 

(Cs) 

Stress Range 

kPa 

1 

0.167 

0.008-0.028 

10-26 

2 

0.101 

- 

6 -.20 

3 

0.08 

0.004 

7-26 

4 

! 0.102 

0.0037 

7-35 


Results of simulation of infiltration into galleries for the cases 1) without fins 2) 
with fins are depicted in Figures 3.9 to 3.12. The maximum stress applied is 26 kPa and 
21 kPa respectively for cases 1 and 2. The water content of the slurry varied from 72% 
to 75%. Results show that settlements in case 2 are more (Figs. 3.9 and 3.10) compared 
to those for case L The volume of water collected is more for case 2, as expected, and 
the corresponding settlements are also more (Fig. 3.10). Settlements and volume of 
water collected under each stress with time are depicted in Fig. 3.1 1. Settlements and 
volumes of water collected follow the stresses applied The stress versus strain plot (Fig. 
3.12) of fly ash deposits with infiltration galleries does not show a clear pseudo 
preconsolidation effect. 
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Fig. 3.6 Settlements of Fly Ash Deposits of Series 1 to 4 with Time under Each Stress a) 
Stress versus Time b) Settlement versus Time. 
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Figure 3.7. Strain (e) versus Log (a ’) of Loading of Fly Ash Samples in Series 1 to 4 
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Figure 3.8. a) e versus, log (a ’) b) log e versus, log (ct ’) c) log (1+e) versus, log (a ’) of 
Loading of Fly Ash Samples in Scdes 1 to 4 
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Fig. 3.9 Fly Ash Deposits with Infiltration Galleries a) Stress versus Time b) Settlement 
versus Time. 
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Fig. 3.12 Stress veisus. Strain of Fly Ash Deposits with Infiltration Galleries. 
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3,3.3 Consolidation Characteristics 

One-dimensional consolidation tests are conducted on samples collected from 
different depths - top, middle and bottom layers from sedimented and consolidated fly 
ash deposits (Series 1 and 2). Typical results are depicted in Fig. 3.13. The results 
compared with consolidation tests on compacted fly ash (Kaniraj and Havanagi, 1999; 
Raza et al, 2000; Kolay, 2000; Singh, 1994) are presented as strain (%) versus log (a ), 
to circumvent the influence due to the variation in initial void ratio, in Fig. 3.14. From 
the figure it is clear that the compression of sedimented fly ash is much more than that 
of compacted fly ash. 

The void ratio, e, versus log ( cr ) plots did not show any linear relation over the 

stress range investigated. Cc values have been computed for each stress increment much 
like the coefficient of volume change, lUy, in conventional oedometer tests. The 
compressibility of fly ash deposits appears to increase with normal stress, as the e 
versus log (cr ) curves are steeper at higher stresses. Figure 3.15 shows typical variation 

of the compression index, Cc, of the samples collected from the sedimented deposit 
from series 2 with the average applied stress. In the stress range of 15 to 100 kPa, Co 
increases rapidly with average effective stress (cr ). The rate of increase of Cc decreases 
with a’ at higher stresses. Cc values continue to increase linearly with cr’ even at stresses 
as high as 1 MPa. Tlie increase in Cc with cr' may be because of breakdown of weak 
structural bonds between the packets (Fig. 3.16) under the stress. Simultaneously, under 
the same stress the particles may be bonding again resulting in larger size of packets as 
revealed by the grain size analysis (Fig. 3.19). 

TTie comprc.ssion index values for samples from sedimented deposits are high 
(Table 3.5) compared to those of compacted samples (Kolay, 2000; Kaniraj and 
Havanagi, 1999; Raza, et al, 2000; MacLaren, et al, 1987; Sinha et al, 1998). The Cc 
values of sedimented Panki fly ash are in the same range as those reported for normally 
consolidated fly ash reported by McLaren and Digioia (1987) but much higher than 
tihose of compacted samples (Kaniraj and Havanagi, 1999; Raza et al, 2000; Kolay, 
2000). Cc values of compacted samples reported by Sinha et al, (1998) are higher than 
those of other compacted samples, even though the void ratios of these samples are 








Fig. 3.14 Consolidatioa Characteristics of Sedimented and Compacted Fly Ash 
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Fig. 3.15 Variation of Compression Index with Average Effective Stress of Sedimented 
Fly Ash Samples from Series 2. 


Strong Bonding 



Fig. 3.16 Definition Sketch for Mechanism of Increase in Compressibility with 








Table 3.5. Comparison of Ce of Sedimented Deposits with Compacted Fly Ash. 



Compression 

Index, Cc 

Initial Void 

Ratio, Qq 

Cr 

Remarks 

Present Study 

0.1 (100 kPa)- 
0.2(1 Mpa) 

1.1 to 1.2 

0.01-0.04 

Sedimented 

deposits 

McLaren and 

Digioia(I987) 

0.13 ±0.088 

0.8 ±0.2 


Normally 

Consolidated 

Kaniraj and 

liavanagi 

(1999) 

0.072 

1.17 

0.017 

Statically 

compacted at 

CMC and MDD 

Raza e( al. 

(2000) 

0.1158 

1.755 

- 

Compacted to 

76.5% of MDD 

at CMC 

Kolay(2000) 

0.0328 

0.9 

0.016 

Compacted at 

CMC, 

Sinha, ut ai 

s 

(1998) 

0.12 to 0.3 1 

0.71-1.145 

- 

Compacted to 

85%, 90% and 

95% of MDD. 

Yudbhir and 

Honjo(1991) 

0.225 ±0.16 

(Medium dense) 

to 0.4 ±0.21 

(Loose) 

0 

1 

o 

- 

Hydraulically 
placed in 

Lagoons 


3.3.4 Coiiapse Potential 

TTie results of double oedometer tests on the samples collected from different 
depths from series I and 2 are plotted as strain (e) versus log (a ’) in Figures. 3.17 and 
3.18 respectively. Plots are presented in the form of vertical strain, e, vs. log a ’ curves 
rather than in the foim of e vs. log o’ to avoid the effect of variation of initial water 
conteni'void ratio of the samples (Table 3.6). Initially, dried samples are loaded to a 
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certain predetermined stress, cr^, (Table 3.7) and flooded with water subsequently. The 

samples are kept under this stress until the settlements become negligible. The samples 
are further loaded similar to the wet samples. Collapse potential (Cp) of the fly ash is 
determined using Eq. 3.1. 

Table 3.6. Variation of the Initial Water Content (%) of the Samples from Series 1 and 2 


Sample from 

Series 1 

Series 2 

Top Layer 

55.71 

57.85 

Middle Layer 

51.87 

54.69 

Bottom Layer 

51.8 

54.67 


The slope of the (Figs. 3.17 and 3.18) curves is varying and more with stress. In 
some dry samples strains after collapse i.e. after flooded with water are more by 
appnwimalcl)' by 0.5% (Fig. 3.18 c. Dry Sample 1) to 3% (Fig. 3.17 b, Dry Sample 1) 
compared to those of wet samples. Tabic 3.7 presents the collapse potential values of 
the samples from sedimented deposits and of samples compacted at their CMC (Kolay, 
2000). The average collapse potential of the sedimented samples is found to be of order 
of 0.5% and more as compared to the compacted samples. Collapse potential of 
cu.'jipacted. sample decreases with increase in effective stress. 


The collapse potential of samples from sedimented fly ash beds range between 
0.4 and 0.8 except for one (Table 3.7). All the values measured being less than 1.0 
(Tabic 2,2), the severity of collapse on foundations is negligible. The collapse potential 
of sedimented fly ash beds is considerably higher than that of compacted samples 

(Kolay, 2000). 


3.3.5 Gradation Analysis 

Grain size distributions are evaluated before and after consolidation on samples 
from top and mitWle layers of scries 3 to evaluate the changes that occur during the 
con.soliv!ativ,.n process. Hie results presented in Figure. 3.19 reveal that grain size 


distributions of particles subjected to higher stresses move to the right, showing that the 
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particle sizes of the samples are more compared to those of the samples before 
consolidation and reveal that bonding might have taken' place between the fly ash 
particles under stress. This bonding may be due to the presence of calcium in small 
amounts. 
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Table. 3.7 Collapse Potential (Cp in %) of the Fly Ash Samples from Sedimented 
Deposits 


Sample from 

Series I 

Series 2 

(Sedimented Deposit) 

Sample 1 

Sample 2 

Sample 1 

Sample 2 

Top Layer 

Cp 

0.61 

dc 

60kPa 

Cp 

0.41 

Oc’ 

200 kPa 

Cp 

0.57 

800 kPa 

Cp 

0.33 

dc 

800 kPa 

Middle Layer 

0.67 

100 kPa 

1.72 

1 200 kPa 

0.79 

100 kPa 

0.60 

200 kPa 

I Bottom Layer 

0.41 

100 kPa 

0.67 

200 kPa 

0.16 

100 kPa 

0.51 

200kPa 

Compacted 

sample 

(Kolay, 

2000) 

cr^ ,kPa 

20 

50 

100 

200 

400 

Cp 

0.29 

0.046 

0.047 

0.042 

0.015 



Particle Size 


(a) 









(b) 


Fig. 3.19 Particle Size Distributions of Samples from Series 3 subjected to 
Consolidation. (a)Top Layer and (b) Middle Layer. 


43 




CHAPTER 4 


ANALYTICAL STUDY 


4.1 GENERAL 

Fly ash' released into the pond undergoes sedimentation through water, passing 
from a suspension to very soft state. The sediment then undergoes self-weight 
consolidation accompanied by large strains, stiffness increasing with depth or on 
additional loading. Many models for one-dimensional consolidation were developed 
neglecting the stresses due to self- weight. Gibson et al, (1967) proposed a theory, 
which accounts for large strains and the variation of compressibility and permeability 
during consolidation. Lee and Sills (1981) applied this theory to consolidation during 
and after deposition. The important aspect in Lee and Sill's approach is the 
consideration of self-weight during the consolidation process as it has significant effect 
in case of soft soils and fly ash deposited in fluidized form. In the above theories the 
initial void ratio, ei, of the deposit is assumed to be constant. Saito et al, (2001) 
proposed an analytical model to deduce the depth wise distribution of void ratio and 
other soil parameters by applying Bjerrum’s (1967) hypothesis. 

4.2 PROBLEM STATEMENT 

A new theory is proposed to determine the in situ variation of void ratio, unit 
weight and effective stress with depth of sedimented and normally consolidated fly ash 
deposit. In practice fly ash slurry is deposited in layers into the ash ponds or lagoons. 
Each layer undergoes sedimentation and then consolidation under its own weight and 
also under the weight of the layers placed above it. It is assumed that the water table is 
at ground surface i.e. effect of desiccation is neglected. The Final state of the deposit is 
considered in the proposed theory. 

4.2.1 FORMULATION 

Figure 4.1 shows the schematic diagram of sedimentation followed by 
consolidation. The co-ordinate ‘h’ (Fig 4.1 a) represents the depth of the deposit prior to 
sedimentation while ‘z’ represents the depth after the completion of consolidation (Fig. 


44 



4.1 b). It is assumed that the sedimented deposit is initially of unifonn submerged 
density ‘ybo’ and the rate of deposition ‘V (= dh/dt)’ is constant. To is the total time of 
sedimentation and consolidation. The process of consolidation is assumed to begin from 
an infinitesimal initial effective stress of Co = YboVtc attained in time tc. It is assumed 
that the water table is at ground surface i.e. the effect of desiccation is neglected. The 
final state of the deposit is estimated by the proposed theory. 



crl +A cr j 

(c) 

Fig. 4.1 Problem Definition a) As Deposited b) Final State c) Element ‘abed’. 


Considering vertical equilibrium of the clement ‘abed’ at time, t (Fig. 4. 1 b) one gets. 

( 4 , 1 ) 

dz 

where crj is the effective stress and jbiz) is submerged unit weight of fly ash at depth, z. 
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As the void ratio is a function of ‘z’, the unit weight is also a function of ‘z’ and is given 
by the following expression. 


= = 'X' (4.2) 

1 + e(z) 

Substitution of Eq. (4.2) in (4.1) gives 

~ w (4 3) 

fife l + e(z) 

where e (z) is the void ratio at depth ‘z’ and Gs is the specific gravity of solids. 

Linear relationship between void ratio, e, and log of effective stress, a is considered. 
Hence the change in void ratio for primary compression, Aep, is 


Ae,=C,Iog% 

o-„ 


(4.4) 


Cc is the compression index and <Jo is the initial effective stress from which state 
consolidation is initiated. Change in void ratio due to secondary compression or creep, 
Aes, following Mesri (1973) and Mesri & Godlewski (1977) is 

Ae, =C„Alogr (4.5) 


where ‘Ca’ is the secondary compression index and t is time. 

The total change in void ratio, Ae, is 

Ae = Ae^ + Ae, = C, log^ + (4.6) 

The number of soil particles above the element ‘abed’ before and after consolidation, at 
depth ‘h’ in sedimented deposit (Fig 4.1 a) equal to V(To-t), at time ‘t’ are the same. 
Hence the effective stress on it before consolidation, crj,, (Fig. 4.1 a) should equal the 

effective stress after consolidation, cr' , (Fig 4.1 b). 

i.e. erj * 0 ”^ = Yboh = VboV (To-t) (4.7) 
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Substituting Eq. (4.7) in Eq. (4.6), one gets 


Ae= C^log 


-t) 


+ C„log 


iL-t) 

ic 


=se(z) = e, -(C, log +Q logtA_A) 


where ‘Cj’ is the initial depositional void ratio of the deposit. 
Substituting Eqs. (4.7) and (4.8) in Eq. (4.3), one gets 

-dT* ^ a 

b-c, log iog(r; - r * ) 


(4.8) 


(4.9) 


where a = — ^ — - ; b = ( 1 +Ci); / = — ; 

Ybc'^ic ic 


t: 


L. 


and 



Equation (4.9) is in normalized form and in finite difference form is 




b-c, iog ^°^^ . ^^ ^ I - c„ iog(r; - t; ) 


(4.10) 


where T- ,Ti^,^and/:^i are normalized times of i^’’ , (i+l)*’’ layer and thickness of i"' layer 
respectively. 

Substituting cr^ = yti Vtc in Eq. (4.10), one gets 


{T;-Ti,) n 

Az, "6-ciog(r;-r;) 

where c = Cc+Ca. 

Solving Eq. (4.10) or (4.1 1) for Az^ , one gels 

(C - t; ){b-c,iog 7? -. - Z2 - c„ iog(r; -r/)} 

.% Azi = 


(4.11) 


(4.12) 
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(4.13) 


a 

=> Az,. = Az,- X Hg 

n 

andz = ^AZ; (4.14) 

im\ 

n 

(4.15) 

/«! 

where is computed from Eq. (4.2). 

The coordinate, z, is determined using Eq. (4.12) and the corresponding void ratio, 
submerged unit weight and effective stress are calculated using Eqs. (4.8), (4.2) and 
(4.15) respectively. A parametric study is carried out by varying the parameters - initial 
depositional void ratio, e,-, from 1.0 to 3.0, compression index, Cc, from 0.1 to 0.3, the 
specific gravity of fly ash particles, Gs, from 1.9 to 2.1, cr^ from 0.01 to 0.3 kPa, the 

ratio Ca/Cc from 0 to 0.05, depositional rate ‘V’ from 0.5 to 2.0 m/year and To from 15 
to 75 years. Results are presented in the fonn of variations of void ratio, total unit 
weight and effective stress of the deposit with depth. 

4.3 VARIATION OF COMPRESSION INDEX, €„ WITH VOID RATIO 

The e versus log a plots of one-dimensional consolidation tests conducted on 
samples collected from different depths - top, middle and bottom layers of sedimented 
and consolidated fly ash beds, do not show any linear relation over the stress range 
investigated. The compression index, Cc, of fly ash increases with nonnal stress 
(Fig.3.15) as e versus log cr curves are steeper at higher stresses (Fig. 3.13), in the range 
of stress considered. The same is plotted with respect to average void ratio, eavg. Co is 
found to vary linearly with Cavg (Fig. 4,2). This linear variation of compression index is 
incorporated in e versus 0 relationship to study its effect on the variation of void ratio 
with depth. Following is the expression is proposed for linear variation of Cc based on 
results shown in Fig. 4,2 

C, = C,.+M4,-e) (4. IS) 
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where is the compression index at e=ei and p is the slope of Cc versus eavg. 



Fig. 4.2 Variation of Compression Index with Average Void Ratio of Sedimented Fly 
Ash Samples from Series 2. 


4.3.1 RELATIONSHIP BETWEEN VOID RATIO AND EFFECTIVE STRESS 
FOR Cc VARYING LINEARLY WITH VOID RATIO 
From Figs. 3.8 and 4.2 it is evident that 


de 


d(loga') 


-C, +Mie,-e)} 


(4.17) 


de 




~0A34dilna'{z)) 


(4.18) 


Integrating both sides of Eq. 4. 1 8 with limits eo at Oo to e(z) at a (z), one gets 

\ 0 , 434 // 


'c +juie, -e(z))] 

f cr'(z)^ 

1 j 

K ^0 ^ 


(4.19) 


Solving Eq. 4.19 for e(z), one gets 
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eCz:i=-\(C,^+^,)-cJ- 


, \ 0 . 434 ;/ 


(4.20) 


Neglecting the secondary compression and substituting Eqs. (4.7) and (4.20) in Eq. 
(4.3), one gets 


M ' la-. 


(4.21) 


Eq. (4.21) is in normalized form and in finite difference form is 




l ^0 


(4.22) 


Substitution of = yboVtc in Eq. (4.22), one gets 


a 


(4.23) 


Solving Eq. (4.22) or (4.23) for Ar. , one gets 


(C i-r- (c.. +^e,)-c, 


(4.24) 


or Az/ 


{Tl, - r;) 1 + -i (r; - r; 

V 


(4.25) 


=>Az, = Az, xHg 




and Z5= VAz, 

mmd * 


(4.26) 
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The coordinate ‘z’ is computed using Eq. (4.26) and the corresponding void ratio and 
compression index are determined using Eqs. (4.20) and (4. 1 6) respectively. 

4.4 RESULTS AND DISCUSSION 

Results obtained from analytical studies are presented and discussed here 

4.4.1 WITH CONSTANT Cc 

The present study is validated with Saito et al. (2001) who determined the 
variations of void ratio, unit weight, effective stress, apparent preconsolidation, 
overconsolidation ratio, etc. with depth of sedimented and consolidated clay deposits, 
whose lowermost formation is To years old. The initial conditions, i.e. initial 
depositional void ratio, e„ submerged unit weight, ybi, at the time of deposition and 
compression index, Cc, are computed from the present conditions - plasticity index, PI, 
and average unit weight, f , Eqs (4.27) and (4.28). 


^ ~ ^ a(1.79P/ + 13.8)^" 

1 + 0 , 

^ 100 

Co = (0.015+0.007PI)/0.434. 

The rate of deposition, V, is computed from Eq. (4.29) 

F = (4.29) 

K [ l + «i J 


(4.27) 


(4.28) 


where a = ratio of Wn (natural water content) / wl (liquid limit), H is the present 
thickness of the deposit, X - 0.434Cc and a is the secondary compression index. 

Variation of void ratio with depth is obtained for a deposit whose lowermost 
formation is 5000 years (To) old, present thickness is 20 m (H), a = 0.87, Gs =* 2.7 and 
PI =» 20 i.e Cc ** 0.35. In the present study variation of void ratio, unit weight and 
effective with depth of sedimented and consolidated deposit, that will form after To 

' ifv « 


years from now, are determined assuming the initial conditions - initial depositional 
void ratio, submerged unit, compression index and rate of deposition. For validation 
purposes the variation of void ratio with depth for the same initial conditions and data 
(Saito et al, 2001) are determined. Results obtained are depicted in Fig. 4.3. The two 
approaches agree closely. 

Effect of initial depositional void ratio on the variation of void ratio with depth 
is depicted in Fig. 4.4. Very sharp decrease of void ratio occurs in the top 2 to 3 m of 
the deposit. Thereafter the variation is very gradual for all depositional void ratios. The 
total depth of the deposit increases with increase in initial depositional void ratio. As the 
initial depositional void ratios are high the unit weight of the deposit will be low 
resulting in effective stresses that are less in value compared to those resulting from low 
initial depositional void ratio, of say 1.5. Therefore the compression will be less for 
deposits with high initial void ratios, which is reflected in Fig 4.4. Since the variation of 
void ratio with depth is similar for all initial void ratios a normalized plot in which the 
void ratio, e, is normalized with initial void ratio, Cj, is also shown in Fig. 4.4 b. 

Fig. 4.5 depicts the effect of initial depositional void ratio on the variation of 
unit weight with depth, z. In the top 2 to 3 m the unit weight increases rapidly with 
depth. There after it increases gradually from 15.5 to 16.7 kN/m^, 14.2 to 15 kN/m^ and 
13.3 - 14 kN/m^ from approximately 2.5 m to the bottom of the deposit for void ratios 
1 .5, 2.0 and 2.5 respectively. Increase in the unit weight is more for deposit with low 
initial depositional void ratio. From Figs. 4.4 and 4.5 it is evident that the variation of 
effective stress with depth will be more for deposits with low initial depositional void 
ratios (Fig. 4.6). The variations in effective stress with depth are nonlinear. 

A sediment transforms into a solid once particles come into contact with each 
other and transfer stresses from one to the other. An infinitesimal initial effective stress, 
(Jo’, is required, to initiate primary compression (Eq. 4.4). A parametric study is carried 
out to quantify the effects initial stress, 0 o’. Sridharan et al. (1998) proposed the yield 
shear strength for clayey soils at settling limit to be around 7 Pa. Initial stress, cso , in 
the present study is varied from 0.01 to 0.03 kPa. The effect of initial stress, Oo , on the 
variation of void ratio with depth is depicted in Fig. 4.7. The decrease in void ratio in 
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top 2 to 3 m is very high for low initial stresses (0.01 to 0.05 kPa), which is very 
unlikely. Therefore a mean value of Co =0.1 kPa is considered throughout the analysis. 

Effect of initial stress, Gq , on the variations of unit weight and effective stress 
with depth are depicted in Figs. 4.8 and 4.9. The unit weights con-esponding to low 
values of initial effective stresses, 0.01 to 0.05 kPa are high as the compression is more 
(Eq. 4.8) i.e. void ratios are less compared to void ratios with high initial stresses, 0.15 
to 0.3 kPa (Fig. 4.7). Final thickness (H) of the deposit increases with increase in initial 
effective stress, cTo , but the effective stresses at the bottom of the deposits with different 
final thickness are the same (Fig. 4.9) as the number soil particles are the same. 

From the experiments conducted on fly ash slurry, with water content and 
initial void ratio varying from 74 to 81% and 1.35 to 1.65 respectively, tlie compression 
index is found to range from 0.1 to 0.17 (Table 3.3). Yudbhir and Honjo (1991) gave 
the range of compression index to be 0.24 to 0.61 for hydraulically placed fly ash with 
void ratio in the range of 1.0 to 2.0. In the present study compression index is varied 
from 0.1 to 0.3. Fig. 4.10 depicts the effect of compression index on the variation of 
void ratio with depth, z. For the compression index, Cc, of 0.1 and 0.15 the decrease in 
void ratio in the top 2 top 3 m is from 2.0 to 1.8 and 1.7 respectively, which is relatively 
low, while for Q = 0.3 the decrease is from 2.0 to 1.3. Below the top 2 to 3 m, the 
variation of void ratio with depth is marginal for Cc = 0. 1 and 0. 1 5 while for Cc = 0.3 
variation of void ratio with depth is significant. 

Figs 4.11 and 4.12 depict the effect of compression index on the variation of 
unit weight and effective stress with depth, z. Unit weights are more and increase 
considerably with depth for compression index of 0.3 while the increase is almost 
constant with depth for compression index of 0.1 and 0.15. The effective stress (Fig 
4.12) at the bottom of the deposit will be the same irrespective of the value of the 
compression index as the initial void ratio, depositional rate and time for sedimentation 
and consolidation are the same for all Cc values. 

Effect of secondary compression index, Cu, on the variation of void ratio, unit 

weight and effective stress are depicted in Figs 4.13, 4.14 and 4.15 respectively. Mesri 
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and Godlewski (1977) suggested the range of the ratio Ca/Q to be 0.025 - 0.1. In the 
present study the ratio CJCz for fly ash is varied from 0 to 0.05. Ca/Q = 0.0 
corresponds to the case where secondary compression is negligible. The void ratios 
(Fig. 4.13) and unit weights (Fig 4.14) are almost the same in top 2 to 3 m, for all values 
of Ca/Cc. Thereafter the effect of secondary compression index becomes significant 
with depth, z. This is because the bottom layers are having a long duration of time 
compared to the layers near top. Fig 4.15 shows that the effect of secondary 
compression index in negligible on the variation of effective stress with depth, z, 
possibly because 50 years is too short a time for the effect of secondary compression to 
be significant on effective stress. 

The rate of deposition, V, and time for sedimentation and consolidation. To, 
have no effect on the variations of void ratio, unit weight and effective stress with 
depth. But to show their effects on total thickness of the deposit, variations of unit 
weights with depth are presented in Figs. 9 and 10, To show the effect of ‘V’, each 
curve in Fig. 9 is shifted to the right by 0.5, 1.0, 1.5 kN/m^ for V = 1.0, 1.5 and 2.5 m/yr 
respectively with respect to the cuive for V = 0.5 m/yr. For showing the effect of To, 
each curve in Fig. 10 is shifted by 0.5, 1.0, 1.5 and 2.0 kN/m^ for To = 30, 45, 60 and 75 
years respectively with respect to the cuive for To = 15 yrs. 


Effect of specific gravity of fly ash particles, Gs, on the variations of unit 
weight and effective stress with depth, z are depicted in Figures 4.18 and 4.19 
respectively. Unit weight for all the deposits increase sharply in the top 2 to 3 m. The 
increase is more for higher values of specific gravity. The increase in unit weights is 
gradual below 2 to 3 m. Effective stresses increases non-linearly with depth. 

4.4.2 Cc VARYING LINEARLY WITH VOID RATIO 

Considering the initial conditions, i.e. ei and Oo , same as the values for the top 
layer (TL) of series 2 (Fig. 3.13 b) i.e. 1.2 and 10 kPa respectively, Q and p are 0.03 

and 1.11 respectively for the same sample (Fig. 4.2). The variation of void ratio is 
determined with depth for To 50 >ts, Gs 2.05 and V=1.0 m/yr. From the e - log ct 
relationship obtained from the consolidation test for top layer, series 2 (Chap. 3) the 
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effective stresses are converted to the corresponding depths, z. Both the experimental 
and predicted void ratios arc plotted and the results depicted in Fig. 4.20. The predicted 
values agree closely with the measured ones. 

Effect of variable compression index on the variation of void ratio with depth 
is depicted in Fig. 4.22. Compression index varies from an initial value of 0.03 at the 
top (ei = 1.2) to 0.6 at the bottom (e = 0.65) of the deposit (Fig. 4.21). For comparison 
purpose variation of void ratio for an average value Cc of 0.25 (from Fig. 4.21) is also 
plotted in Fig. 4.21. In the top 2 to 3 m of deposit the void ratio docs not decrease 
sharply as the compression index is very low in top few meters, but the decrease in void 
ratio increases with depth. In contrast the decrease in void ratio with depth is very sharp 
in top 2 to 3 m, thereafter the decrease in void ratio with depth is very much less for 
constant Cc. Void ratios at all the depths for a deposit with variable Cc arc more 
compared to those with constant Cc. 


Void Ratio, e 

1 3 6 



Fig. 4.3 Comparison of Results of Present Study with those Based on Salto cl al. (2001). 
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Figure 4.4: Effect of Initial Depositional Void Ratio on Varaition of a) Void Ratio and 
b) Normalized Void Ratio with Depth. 
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Figure 4.5: Effect of Initial Depositioiial Void Ratio on the Variation of Unit Weigiit 
with Depth. 
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Figure 4.6: Effect of Initial Depositional Void Ratio on the Variation of Effective Stress 
with Depth. 







Figure 4.8: Effect of Initial Stress, , on the Variation of Unit Weight with Depth 
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Effective Stress, kPa 
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Figure 4.9: Effect of Initial Stress, cro, on the Variation of Effective Stress with Depth. 
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Figure 4.10: Effect of Compression Index, Cc, on the Variation of Void Ratio with 











Figure 4.12: Effect of Compression Index, Cc, on the Variation of Effective Stress with 
Depth. 
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Figure 4.13: Effect of Secondary Coniprossion Index, Ca, on the Variation of Void 
Ratio with Depth. 
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Figure 4.14: Effect of Secondary Compression Index, (7«, on the Variation of Unit 
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Figure 4.15: Effect of Secondary Compression Index, Ca, on a) Void Ratio b) Unit 
Weight and c) Effective Stress 
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Figure 4.16: Effect of Rate, of Deposition, V, on the Variation of Unit Weight with 










Figure 4.18: Effect of Specific Gravity on the Variation of Unit Weight with Depth 
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Figure 4.20: Comparison of Predicted and Experimental Void Ratios for Variable Cc 
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G = 2.05 

C. =0.028 

u = l.ll 

— variable C j. 

Cc = 0.25 
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V = 1.0 m/yr 




Void Ratio, e 

Figure 4.21: Variation of Compression Index, Cc, with Void Ratio 
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Figure 4.22: Effect of Variable Co on the Variation of Void Ratio with Depth 








CHAPTER 5 


CONCLUSIONS 


Based on the studies reported in chapters 3 and 4 following conclusions are made. 

5.1 EXPERIMENTAL STUDY 

1. The sedimented fly ash deposit exhibits a pseudo-overconsolidation effect possibly 
because of the pozzolanic activity. 

2. Collapse Potential of fly ash is found could be of order of 1 % but much higher than 
that of compacted fly ash 

3. Fly ash particles bond under high stresses may be due to pozzolanic activity as 
revealed through grain size distributions before and after compression under high stress. 

4. Compression Index (Cc) of samples from the sedimented deposits increases with the 
average effective stress. The increase is sharp at smaller stresses and gradual at higher 
stresses. 

5. Compressibility of sedimented fly ash deposits is more compared to that of 
compacted fly ash. 

6. I'he average values of compression index of sedimented fly ash deposits are in the 
range of 0. 1 to 0.2. 

5.2 ANALYTICAL STUDIES 

A new theory is proposed to estimate the variations of void ratio, unit weight 
and effective stress with deptli of sedimented and consolidated deposit. Following are 
in the conclusions drawn based on the parametric study. 
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1. In the final stage, the void ratio decreases while the unit weight increases shaiply 
with depth in the top 2 to 3 m. The effective stress increases non-linearly with depth. 

2. Depositional rate has no effect on the variations of void ratio, unit weight and 
effective stress with depth, except that for a given period of deposition, the final 
thickness of the deposit increases with rate of deposition. 

3. It is noted that the final profiles are sensitive to the initial effective stress fi'om which 
compression and consolidation are initiated. 

3. In the final stage, the void ratios at all the depths for the deposit with compression 
index, Cc, increasing with decrease in void ratio, e, are more while the coiresponding 
unit weights and effective stresses are less compared to those in a deposit with 
compression index, Q, constant with e. 

4. The final thickness for the deposit with varying compression index is more than the 
deposit with Cc constant with e. The predicted void ratios for the deposit with varying 
Cc agree closely with predictions based on experimental results from one-dimensional 
consolidation tests. 
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APPENDIX 


A-l ANALYTICAL STUDY 

Comparison of Predictions with Measured In Situ Results: The proposed method is used 
to predict the measured field data of bauxite tailings, usually called red muds, at the 
Ouro Perto site (Consoli and Sills, 2000). Specific gravity of the material is in the range 
2.9 - 3.1, because of high iron content. The compression index, Q, determined by a 
constant rate deformation test (Zinidarcic et al., 1986) is 2.8. Field measurements of 
void ratio with depth are made up to a depth of 7 m. The variation of \’oid ratio with 
depth of bauxite tailings is predicted using the present approach with Gs = 3.0, Q- = 2.8 
and assuming V = 1.0 m/yr, 'I’o 15 years, CJCc - 0 and cr^,= 1.5 - 5.6 kPa. Good 
agreement between the predicted values and the field data over the depth of 7 m for 
cr^ = 2.8 kPa can be noted (Fig. A I). 



Figure A-I Compari.son of Field Data of Bauxite Tailings with Predicted Values 
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